The Kipp & Zonen NR-Lite is a newly designed domeless net radiometer. In preparation for the Oklahoma Atmospheric Surface-layer Instrumentation System (OASIS) Project, the NR-Lite was rigorously field tested for over eight months during 1998. Seven NR-Lites were compared to an Eppley four-component PSP/PIR net radiometer system, a Kipp & Zonen four-component CNR1, and a REBS Q*7.1. Measurement problems associated with calibration, precipitation, cosine response, and wind-induced error were examined. Results conclude that the NR-Lite is well-suited for experiments where remote, long-term measurements of net radiation are required.
Introduction
The surface energy budget is driven by net radiation. Shortwave radiation dominates during the day, creating large diurnal variations in latent, sensible, and ground heat fluxes. Longwave radiation dominates at night, leading to radiational cooling of the surface and stabilization of the surface boundary layer. Despite its importance, however, net radiation remains among the most difficult atmospheric parameters to accurately measure.
Fortunately, in the past decade, a modest selection of commercial net radiometers has become available. At least three intercomparison studies have been conducted in the recent literature comparing various net radiometer models and types. Halldin and Lindroth (1992) identified common calibration and operational problems as a consequence of evaluating six different radiometer designs. Field et al. (1992) completed an extensive examination of the net radiometers used during the First International Satellite Land Surface Climatology Project (ICLSCP) Field Experiment (FIFE). Smith et al. (1997) conducted a similar comparative study in preparation for the Boreal Ecosystem-Atmosphere Study (BORE-AS). These studies have shown that cost, maintenance, and power requirements generally increase with the required accuracy of the measurement.
The Oklahoma Atmospheric Surface-layer Instrumentation System (OASIS) Project (Brotzge et al. 1999 ) is a National Science Foundation study designed to monitor the surface energy budget using the Oklahoma Mesonetwork (Brock et al. 1995) , a statewide network of 115 meteorological stations. Each site is located in a remote setting, solar-powered, designed to be nearly maintenance-free, and routinely visited two or three times per year. During 1999, the OASIS Project instrumented approximately 90 Mesonet sites statewide with the capability to monitor the surface energy budget. Net radiation, sensible, and ground heat fluxes are measured in real time. As a result, a net radiometer had to be chosen that was reliable, accurate, and nearly maintenance-free.
Conventional net radiometers generally use polyethylene domes to eliminate natural ventilation and reduce thermal convection from the radiometer. In addition, the polyethylene dome appears to have improved the cosine response at low sun angles compared to previously used flat polyethylene surfaces (Tanner et al. 1960; Fritschen 1963) . However, polyethylene domes commonly degrade after a few months of exposure. Cracks in the dome allow water to seep into the radiometer, requiring dome replacement and recalibration of the system. In addition, condensation may develop on the inside surface of a dome unless properly treated with a desiccant or internally ventilated. The Kipp & Zonen NR-Lite is the only domeless net radiometer currently available, but has not been extensively compared to other radiometers in a field study (Smith et al. 1997 , performed laboratory tests of the NR-Lite). In preparation for the OASIS Project, the NRLite was rigorously field tested for over eight months during 1998. The purpose of this paper is to report the results of the field investigation.
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Instrumentation
Seven Kipp & Zonen (K&Z) NR-Lites, two K&Z four-component CNR1s, one Radiation Energy Balance Systems (REBS) Q*7.1, and a four-component Eppley net radiometer system were compared. Table 1 summarizes the manufacturer specifications provided with each sensor. The specifications among the various systems are similar except that the response times of the Eppley sensors are about 1 order of magnitude faster than the others, and the cosine response of the Eppley is 10%-15% more accurate at low sun angles than either the CNR1 or NR-Lite. For more information concerning instrumentation specifications, see Smith et al. (1997) .
The NR-Lite is a thin thermopile detector comprising Teflon-coated, slightly cone-shaped, upward-and downward-looking faces. The voltage output is divided by the calibration factor (sensitivity; see Table 1 ) to obtain irradiance. The manufacturer claims the slim design of the sensor minimizes radiative loss and thermal convection from the upward-facing half of the thermopile by reducing the sensor and air temperature difference. The sensor surface is cone-shaped to improve the cosine response. A thin, black Teflon coating enables each sensing surface to remain relatively clean.
The REBS Q*7.1 is a thermopile detector equipped with polyethylene domes. A ''wind correction'' is provided which empirically corrects for convective cooling from the detector surface. Separate corrections were applied for positive and negative radiation as provided by REBS:
where u is the wind speed (m s Ϫ1 ). The wind algorithm was applied during this comparison. Neither the NRLite nor the Q*7.1 is ventilated or heated.
The CNR1 is a four-component system containing upward-and downward-facing pyranometers and pyrgeometers. The CNR1 is unique in that all four components are mounted in a single body and it is equipped with a heating unit to evaporate water deposition on the pyranometer domes. During this study the heaters operated continuously. The heaters do introduce some uncertainty, particularly in the shortwave component; according to the CNR1 manual an offset of up to 10 W m Ϫ2 may be introduced. The incoming or outgoing longwave radiation, LW cor (W m Ϫ2 ), is given by
where V is the measured voltage output, C is the determined calibration factor, is the Stefan-Boltzmann constant, and T case is the measured case temperature. The Eppley four-component system resembles the CNR1 except that all four components are physically separated. Two Eppley Precision Spectral Pyranometers (PSPs) are used for measuring the incoming and outgoing shortwave radiation. A double-glass dome design limits convection within the domes. Two Eppley Precision Infrared Radiometers (PIRs) are used for measuring the incoming and outgoing longwave radiation. To reduce dome heating and condensation on the outside of the dome, the incoming shortwave and longwave radiation sensors are each ventilated using a standard Eppley blower-assembly.
The Eppley pyrgeometers are equipped with a single 
The first term on the right is the same as that in Eq.
(2). The second term corrects for an underestimation of longwave radiation by the pyrgeometer since it reemits proportional to the temperature of the top surface of the thermopile (T pile ). The third term accounts for the temperature difference between the dome and case where a ϭ 2.5 is the dome opaqueness coefficient (A. C. Delany 1998, personal communication) . The last term subtracts out shortwave radiation contamination (shortwave radiation getting through the domes) where Q is the incoming shortwave radiation and b ϭ 0.036 is an empirically derived coefficient (Alados-Arboledas et al. 1998 ). This term was not included in the Eppley estimates but is discussed in section 4. It should be noted that in this case, the raw thermopile output (T pile ) was not stored so the battery compensated estimate for longwave radiation was used. Because the thermopile temperature was not measured, the first two terms of Eq. (3) were replaced with the battery compensated estimate.
Both K&Z CNR1s and the seven NR-Lites were new and were delivered factory-calibrated. The REBS Q*7.1 was in operational use at the Norman Mesonet site and was last calibrated about one year prior to the experiment. The Eppley PIRs were returned to the manufacturer for recalibration before field testing. The PSPs were compared during an ARM (Atmospheric Radiation Measurement) Program (Stokes and Schwartz 1994) Broadband Outdoor Radiometer Calibration (BORCAL) study in 1997, and the new calibrations were used in this study.
Experiment design
A permanent field test facility was constructed for standardization and intercomparison of the OASIS net radiometers. Two tower structures, referred to as Norman Intercomparison (NCOM) and Norman Radiation (NRAD), were employed and are located at approximately 35.26Њ latitude and Ϫ97.48Њ longitude. For NCOM, two tower masts, each 3 m tall, were erected above the vegetated surface approximately 10 m apart in an east-west oriented line. A 12-m mast provided support as a crossbeam on which the instruments were mounted. The arrangement of instruments on NCOM as of 6 May 1998, is shown in Fig. 1 and includes seven K&Z NR-Lites, the REBS Q*7.1, and one K&Z CNR1. The Eppley system and another CNR1 were mounted at NRAD, located 30 m directly east of NCOM. The NRAD structure is described in Duchon and Wilk (1994) and comprises two 7.5-m-long trusses aligned east-west 2.7 m above the surface. Both towers were erected over similar vegetated surfaces.
As shown in Fig. 1 , each radiometer extended 1 m south of the crossbeam with each sensor spaced 0.66 m apart and individually leveled. No shadows from the radiometers or tower masts were directly cast onto any of the sensors. In addition, cup anemometers were placed on each end of the 12-m crossbar. Radiometer output was sampled every 6 s and the data averaged every minute in real time by a CR10X-T datalogger manufactured by Campbell Scientific, Inc. (CSI). All but one NR-Lite was cleaned weekly; the purpose of the uncleaned sensor was to examine the long-term effects of dust on the sensor.
Two NR-Lites, two CNR1s, and the REBS Q*7.1 were installed in late October 1997. The recalibrated Eppley PSPs and PIRs were fully operational by March 1998. Five more NR-Lites were added to NCOM by late spring and were operational by 6 May 1998, as noted above.
It is important to observe that, because of a lack of a well-accepted standard for longwave radiation, none of the pyrgeometers or net radiometers can be classified as either correct or incorrect (Ohmura et al. 1998) . Nor is it the purpose of this study to prove the superiority of one instrument over another. Each radiometer has a unique set of properties including cost, maintenance requirements, and accuracy that could appeal to a wide variety of users.
Results
a. NR-Lite intercomparison
The field study was designed to investigate the reliability and accuracy of the NR-Lite sensor. The NRLites were tested against one another to compare their relative calibration and precision for a one-month period VOLUME 17 7 May-6 June 1998. First, daily totals were calculated for each of the seven NR-Lites during the period using factory calibrations. The differences between the daily mean of each sensor and the group mean of the seven sensors are shown in Fig. 2 . As evident from the figure, NR-Lites #2 and #7 are estimating slightly higher values when compared to the other sensors. NR-Lite #3 appears to be measuring slightly less than the other sensors. Nevertheless, daily estimates lie within 5% of one another. Such variations among sensors may be due to minor calibration errors. Next, mean daily variation was examined for each of the seven sensors. Differences between individual mean daily variations and the group mean daily variation were calculated and are plotted as a function of solar time in Fig. 3a . The nighttime differences are fairly uniform with time, typically within Ϯ2 W m Ϫ2 , while daytime differences appear dependent upon the incoming irradiance. Figure 3b shows the differences in Fig. 3a plotted as a function of net radiation; an approximate linear increase with net radiation is seen for most NR-Lites. Hysteresis is evident in NR-Lite #7 (Fig. 3b) , indicative of a leveling problem with the sensor. Later comparisons showed that the sensor was incorrectly leveled during the field experiment; thus, highlighting the importance of correctly leveling the sensor. NR-Lites #3 and #6 also show hysteresis but of small magnitude. Differences among sensors are limited to 25 W m Ϫ2 during the day and approximately 5 W m Ϫ2 at night. The linear offset among net radiometers can be removed by applying a linear fit of each NR-Lite with respect to a relative standard such as the Eppley four-component system as discussed in section 4c.
b. Net radiation intercomparison
As noted previously, there is no absolute standard for longwave radiation. Thus, each manufacturer provides their own longwave relative standard or reference. In recent field experiments, both the Eppley four-component system and CNR1 have been used as field references. The ICLSCP FIFE used an Eppley system as the reference (Field et al. 1992) , whereas the Southern Great Plains 1997 (SGP-97) experiment used the CNR1 (J. Norman 1999, personal communication) . For the OASIS Project, both the Eppley and CNR1 were available. Because the Eppley system has been used for calibration of all solar radiation sensors used by the Oklahoma Mesonet, it was chosen as the reference for calibration of all net radiometers in the OASIS Project as well.
Because of the availability of the Eppley, CNR1, and REBS radiometers, it seemed appropriate to perform comparative analysis of the NR-Lites to these instruments. Thus, prior to standardization, all four radiometer models were compared to each other. First, daily means of net radiation were estimated from each of the net radiometers tested during the study period. The Q*7.1 estimates include the wind speed correction as provided by the manufacturer [Eqs. (1a) and (1b)]. Although a wind correction is developed for the NR-Lite, such a correction was not provided by the manufacturer and so was not included here. Figure 4 shows significant differences between daily average net radiation from individual radiation systems and the group mean. The Q*7.1 measured much higher daily means, followed by the CNR1 and Eppley systems. The NR-Lites yielded the smallest daily means. Daily averages among model types varied by as much as 20% but their differences relative to each other remained essentially constant throughout the one month-long period.
Next, the radiometer models were compared under clear-sky conditions. Five-minute averages were used from eight clear days and seven clear nights in May and June 135, 148, (152) (153) (154) . The net radiation from NR-Lite #6, Q*7.1, and CNR1 system were directly compared to the Eppley system with the results shown in Fig. 5 . NR-Lite #6 was chosen from Fig. 2 as representative of the seven NR-Lites available for comparison. Both the Q*7.1 and NR-Lites were corrected for wind speed error in this case, as given by Eqs. (1) and (5) (developed in section 5c), respectively. The data revealed daytime differences between the NR-Lite and Eppley as large as 75 W m Ϫ2 . Nighttime differences between the Q*7.1 and Eppley were as high as 65 W m
Ϫ2 . An examination of the data during the three cloudiest days during the collection period (DOY 142, 145, 155) showed similar results. Thus, for both clear and cloudy days the magnitude of the differences here parallel those found by Halldin and Lindroth (1992) and Field et al. (1992) among other net radiometers.
The clear-sky data were plotted also as a function of solar time (Figs. 6a-c) . The NR-Lite #6-Eppley differences retain a rather marked diurnal dependence centered about solar noon. Slight oscillations after sunrise and before sunset may hint at some cosine function dependency or error with one or both of the sensors. Scatter in the data between days may be due to some dependence upon air temperature and/or sensor temperature or more likely reflective of some uncertainty with the wind speed correction formula. Differences at night, limited to about 10 W m Ϫ2 , are consistent among the eight days of data.
The Q*7.1-Eppley differences are symmetric about solar noon with significant diurnal oscillations (Fig. 6b) . Such variations may indicate a cosine function dependency with one or both of the sensors. The data from each day appear rather smooth and consistent between observations; however, distinct differences are apparent between each day of data. Unlike the NR-Lite, the gusty nature of winds does not appear to be a problem with the Q*7.1. Instead, one may conjecture that such daytime differences could be indicative of possible dome heating of the Q*7.1. Nighttime differences could be radiative cooling or condensation on the domes, but without a dome temperature being available, the exact cause of these differences is not known.
The CNR1-Eppley differences are shown in Fig. 6c . The diurnal oscillation between the CNR1 and Eppley has the same pattern as that between the Q*7.1 and Eppley indicating that the CNR1 system and Q*7.1 have similarly shaped cosine responses. Thus, either both the CNR1 and Q*7.1 are incurring a similar problem or the Eppley system itself reflects some diurnally dependent error or all three systems have diurnally dependent error.
Overall, Fig. 6 shows the magnitude of differences that can be expected in clear skies in late spring.
Differences between the Eppley system and CNR1 highlight a distinct diurnal variation that results from a VOLUME 17 combination of the incoming shortwave and longwave components. Much of the difference between the Eppley and CNR1 may be due to different methods of treating pyrgeometer heating. In this case, some error may have been caused by one of the Eppley PIR sensors. Both PIRs were sent to the manufacturer to verify their calibration and check their dome quality. Although one of the sensors (an upward looking PIR) had to have its dome replaced, the change resulted in less than a 10 W m Ϫ2 error upon the net radiation estimates (Eppley 1999, personal communication) .
External factors such as wind speed error, cosine function dependency, and dew, frost, and precipitation lead to substantial differences among radiometers. For instance, by removing the wind speed correction [Eqs. (1a) and (1b)] from the Q*7.1 estimates, differences between the Eppley and Q*7.1 sensors increased by 5%. While results shown in Fig. 6 already include corrections for wind speed, these large differences mask the specific influences of the external factors upon the net radiation estimates. Only by standardizing the net radiometer data can these external factors be examined more closely.
c. Standardization of the NR-Lites and Q*7.1
The NR-Lites and Q*7.1 were standardized to the Eppley system using simple linear regression applied to the clear-sky dataset discussed above. Standardization coefficients of the NR-Lites and Q*7.1 are listed in Table 2. Different shortwave and longwave characteristics led to separate daytime (positive net radiation) and nighttime (negative net radiation) coefficients when comparing sensors to the Eppley. Data were excluded from suspected dew events with relative humidity greater than 90%.
Examination of the standardized coefficients for the NR-Lites revealed little variation among the seven sensors. The daytime (nighttime) bias varied between 6 and 12 W m Ϫ2 (4 and 7 W m Ϫ2 ). The linear offset ranged from 8% to 13% of Eppley net radiation during the day, and 0.5% to ϩ8% at night. R 2 values were very high during the day at about 0.998 and only slightly less at night (about 0.991).
The Q*7.1 coefficients were significantly different than those for the NR-Lites. The Q*7.1 had a daytime (nighttime) bias of Ϫ45.54 W m Ϫ2 (Ϫ21.2 W m Ϫ2 ) and an offset of 10.7% (Ϫ13.8%).
Differences among sensor models after standardization can be seen by plotting the net radiation difference as a function of solar time (Figs. 7a,b) . The NR-LiteEppley differences are consistently small at night (less than 5 W m Ϫ2 ), but again relatively large and variable during the day. Daytime differences generally range between ϩ40 and Ϫ30 W m Ϫ2 . After standardization, the apparent cosine response of the NR-Lite appears similar to that of the Q*7.1 and CNR1 (see Fig. 6c ). Some of the scatter in the NR-Lite-Eppley differences may be attributed to inadequate correction for wind speed using Eq. (5).
Most daytime Q*7.1-Eppley differences are between ϩ40 and Ϫ40 W m Ϫ2 . As mentioned previously, each day tends to be unique. Several individual days appear distinct perhaps due to dome heating, and discontinuities occur when the standardization coefficients are changed from daytime to nighttime and vice versa.
d. Comparison of components of the CNR1 and Eppley system
Next, the four components of the net radiation budget were examined separately to better understand the sensor characteristics and properties of the CNR1 and Eppley systems. As before, 5-min averages were used from the 7 May-6 June dataset. Comparison of the individual components of the CNR1 and Eppley shown in Fig. 8 reveal systematic differences. Differences in the incoming shortwave radiation (Fig. 8a) indicate a cosine function dependence upon solar elevation angle. While it is possible that such differences are due to incorrect leveling of a sensor, a careful examination of the radiation data during clear-sky conditions revealed no evidence of hysteresis, a common indicator of an east-west misalignment of the sensor. Nevertheless, a north-south misalignment of the sensor could still have occurred.
Incoming longwave radiation differences (Fig. 8b ) show a clear diurnal cycle dependence as well. These differences may be caused by the use of different methods to treat pyrgeometer dome heating. Because the dome and case temperatures of the Eppley pyrgeometer are directly measured, the incoming longwave radiation measurement can be explicitly corrected for dome heating as in Eq. (2). The CNR1, however, does not directly measure the pyrgeometer surface temperature. Instead, the CNR1 is structurally designed to minimize pyrgeometer heating of domes; domes have been replaced with an optical filter that is a plane surface, and the manufacturer claims the body components have been designed so that the entire CNR1 remains in thermal equi- It is possible that Eq. (2) does not completely account for thermopile heating, which may contribute to the observed differences between the Eppley and CNR1. Temperature gradients could develop within the sensor body due to uneven radiative heating. To verify the impact of thermopile heating upon the CNR1 estimates, two newly calibrated thermistors were installed on the inside top and bottom plates of the CNR1. Daily estimates revealed an approximate ϩ0.4ЊC gradient developing between the top and bottom pyrgeometers, which is not accounted for by the single thermistor that measures T case . In addition, the installed thermistor temperatures varied from T case by approximately 1.1ЊC. Nevertheless, the impact of replacing T case by temperatures measured by the installed thermistors upon the longwave estimates for Eq. (2) was less than 5 W m Ϫ2 . A similar experiment was conducted using the Eppley pyrgeometers. Three separate thermistors were placed on the upward-facing dome and one thermistor placed on the downward-facing dome. Temperature gradients between the dome and case of the upward-facing pyrgeometer were in excess of 2ЊC in midafternoon resulting in an approximate overestimate of 25 W m Ϫ2 if not included in Eq. (3). Differences between the Eppley and CNR1 incoming longwave radiation were examined further by studying the effect of applying different radiative heating correction measures (Fig. 9) . Longwave estimates from the Eppley and CNR1 were compared for the clear days of the dataset. First, both the incoming longwave radiation from the Eppley and CNR1 are compared without correcting for dome heating or solar contamination, the third and fourth terms on the right in Eq. (3). Daytime differences range up to 30 W m Ϫ2 . Next, only the dome heating (and cooling) correction is applied. Differences decrease substantially to within Ϯ15 W m Ϫ2 . The solar contamination term is also included but with less success, increasing the difference to ϩ30 W m Ϫ2 . Inclusion of both terms 3 and 4 leads to even greater differences of nearly 50 W m Ϫ2 . Because of this examination, only the dome heating correction term was included in Eq. (3). Nevertheless, applying both of these corrective terms can change the longwave estimates by as much as 60 W m Ϫ2 . The outgoing shortwave (longwave) differences (Figs. 8c,d ) average less than 5% (1%) of the actual outgoing shortwave (longwave) radiation. The shortwave radiation values from the CNR1 and Eppley were set to zero at night. Shortwave differences during the day may be due to small differences in albedo under the two sensors resulting from non-uniform surface properties such as vegetation type and soil moisture. Similar differences could likewise lead to small differences in longwave radiation.
To further examine possible cosine response error upon the Eppley and CNR1 systems, each radiation budget component was examined with respect to the cosine of the elevation angle of the sun (Fig. 10) . Results indicate some diurnal dependence of the incoming shortwave and longwave radiation. However, the radiation differences do not increase at lower angles of incidence as one would expect from true cosine error. No diurnal dependence is apparent in the outgoing shortwave and longwave radiation.
External factors affecting measurement uncertainty a. Precipitation, frost, dew, and dust effects
One well-known challenge common to all net radiometers is that of keeping the thermopile surfaces or domes clean. When precipitation and dew evaporate from the sensor surface, residual debris remains, which can alter the surface albedo and absorption (or emission) properties. In addition, water droplets on the dome may, in fact, refract or reflect radiation, creating spurious values. In drier regions such as Oklahoma, dust deposition may become a problem, particularly during the summer months. During the cold season, frost and snow can obscure the sensor surface. During BOREAS, short and longwave measurements were severely limited due to snow covering the sensors (Betts and Ball 1997) .
Unfortunately, the use of a domeless net radiometer does not improve measurements when compared to domed radiometers during precipitation, frost, or dew formation. In fact, the problem appears to be amplified because the temperature of the upper detecting surface becomes the temperature of the precipitation.
A typical example of the effects of precipitation is shown in Fig. 11a . Prior to the onset of rain, all four radiometers using standardized data were measuring within about 5 W m Ϫ2 . At the onset of precipitation, however, the radiation values began to diverge. The ventilated Eppley and heated CNR1 varied little and did not differ by more than 15 W m Ϫ2 . The Q*7.1 differed from the CNR1 by about 20 W m Ϫ2 . The NR-Lite value dropped over 100 W m Ϫ2 in less than 10 min, presumably due to relatively cold rainwater cooling its upper surface. Data from the NR-Lite appears unusable during precipitation, which in this case, lasted about two hours. Data from the other radiometers also diverge leaving all data suspect during precipitation. The sensors appeared to recover slowly after the rain ended. The effects of precipitation are so severe that sensor errors have even been observed up to 35 min prior to accumulative rain being recorded by a nearby tipping-bucket raingauge. Drizzle, too light to be recorded by a raingauge, can cause significant radiation errors.
A second example of precipitation on the sensor is illustrated in Fig. 11b in which rainfall began at approximately 0420 Solartime. Again, the heated CNR1, ventilated Eppley system, and Q*7.1 differ by about 15 W m Ϫ2 . The NR-Lite output, however, decreased over 100 W m Ϫ2 from the mean of the other sensors as it began to rain. The net radiation recovered once the sensor dried. Approximately 1.5 h of data around sunrise could not be used from the NR-Lite. Similar problems have been detected with the formation of dew on the sensor. FIG. 9 . Differences between the K&Z CNR1 and Eppley systems for incoming longwave radiation with and without corrections applied to the Eppley for solar heating. The third term on the right of Eq. (3) accounts for dome heating and the fourth term for solar radiation contamination. They are identified here as 3 and 4, respectively. The Teflon-coating of the NR-Lite has been shown to reduce dust collection and precipitation residue. As mentioned in section 3, one NR-Lite was intentionally left uncleaned while all other sensors were cleaned weekly. After the six-month period, there was no visual difference between the cleaned and uncleaned NR-Lites nor could any radiation differences be discerned between them.
b. Cosine response
A common problem among radiation sensors is their response to solar elevation angle (Myers 1997) . The NRLite specifications indicate cosine errors greater than 20% are possible at a solar elevation angle of 20Њ, presumably due to its cone-shape design.
The mean of five NR-Lites (excluding #2 and #7) and the Eppley system difference was plotted as a function of solar elevation angle for the clear-sky dataset. The NR-Lite values are unstandardized, 5-min averages. A wind correction, given later in Eq. (5), has been applied to the NR-Lite values, to minimize scatter imposed by wind. Figure 12 shows increasing variability in error with solar elevation angle less than 20Њ. The cause of the apparent cosine dependency is difficult to determine, however.
c. Daytime wind-induced error
A third problem experienced by all net radiometers is the sensitivity of the sensor design to wind-induced cooling. Wind-induced cooling results in a decreased thermopile voltage due to a decrease in the temperature of the upward facing sensor which results in a decrease in the measured net radiation. The CNR1 and Eppley PSPs and PIRs use domes which reduce sensible heat loss directly from the thermopile. Because of its lack of domes, a wide range in convective heat loss can occur with an NR-Lite.
The NR-Lite manual provides a theoretical correction for wind-induced error given by
where Rn cor is the corrected net radiation, Rn obs is the observed net radiation, u is the measured wind speed (m s Ϫ1 ), and a is an empirical constant. The wind speed correction in Eq. (4) is equivalent to a convective cooling coefficient (Anderson and Baumgartner 1988) . Smith et al. (1997) tested the NR-Lite in a wind tunnel for wind-induced cooling error. Compared to other radiometer designs, they found that the NR-Lite did indeed suffer the most from wind-induced error. However, the error varied linearly with increasing wind speed. Thus, in principle, a linear correction could be applied to the observed net radiation if the wind speed were measured simultaneously.
A more precise correction was developed for wind VOLUME 17 speed error from the observed data. To minimize other possible errors, only data collected during the clear days with the solar elevation angle greater than 60Њ were included. These data were then plotted as a function of wind speed as shown in Fig. 13 . Wind speed does not appear to have an appreciable effect upon the NR-Lite when wind speeds are less than about 5 m s Ϫ1 . However, as the wind speed increases further, a significant error develops as a linear function of wind speed as follows: 
where Rn cor is the corrected net radiation, Rn obs is the observed net radiation, u is wind speed (m s Ϫ1 ), and a ϭ 0.0213 is an empirical constant.
The effect of applying the wind speed correction in Eq. (5) to all 31 days of 5-min averages can be seen in Fig. 14. Figure 14a shows the original NR-Lite-Eppley differences and Fig. 14b the differences after application of the wind speed correction to the NR-Lite. As expected, the downward trend in differences seen in Fig.  14a for wind speeds greater than 5 m s Ϫ1 is removed. Thus, after applying the correction, the mean bias is independent of wind speed.
Summary and conclusions
The goals of the OASIS Project require an accurate, low-cost, and essentially maintenance-free net radiometer for remote operations. The Kipp & Zonen NRLite was chosen as a candidate and its field performance B R O T Z G E A N D D U C H O N evaluated relative to other, more expensive, instruments. The evaluation was performed at a site in central Oklahoma from 7 May to 6 June 1998. The principal results of our investigation follow. 1) An intercomparison among seven NR-Lite radiometers showed that mean daily differences of 5-min averages were within 25 W m Ϫ2 during the day and 5 W m Ϫ2 at night (see Fig. 3 ). 2) Comparison of the NR-Lite to the Eppley four-component system revealed relatively large calibration differences. Bias between instruments ranged from 8 to 12 W m Ϫ2 (4 to 6 W m Ϫ2 ) during the day (night); linear offset between sensors ranged between 8 to 13% (0.5 to 8%) during the day (night). See Table  2 . As a result of this study, a review of the NR-Lite calibration procedures by the manufacturer lead to an improvement in the calibration values. According to the manufacturer, new calibration procedures should lead to a 10% increase in the results shown in Table 2 . Nevertheless, subsequent comparisons by the authors still indicate significant calibration differences between the NR-Lite and Eppley system even after calibration improvements. 3) Treatment of pyrgeometer solar heating can have a significant impact upon the measured net radiation.
Net radiation values can differ by as much as 60 W m Ϫ2 (see Fig. 9 ). 4) The presence of precipitation, dew, or debris on the sensor surface prevents reliable data from being collected. Data collected during such periods should be flagged (see Fig. 11 ). 5) The domeless NR-Lite is more sensitive to windinduced cooling than domed sensors such as the CNR1 and Eppley systems. During the day, relatively large errors (Ͼ50 W m Ϫ2 ) are observed when wind speeds are greater than 5 m s Ϫ1 . A wind correction based on daytime conditions was developed to minimize wind-induced cooling. The trend in net radiation error for wind speeds Ͼ5 m s Ϫ1 was removed (see Fig. 14) . 6) A cosine response error of the NR-Lite could become significant with a solar elevation angle less than 20Њ. However, the exact cause of the error is indeterminate (see Fig. 12 ). 7) A comparison between two four-component systems reveal significant differences between longwave radiation estimates. Differences in correcting for dome heating and solar contamination lead to significant errors in longwave radiation measurements. Such errors reiterate the need for an international standard for longwave radiation (see Figs. 8 and 9 ).
Based on our field study, we conclude that the NRLite net radiometer is well-suited for experiments where remote, long-term measurements of net radiation are required. If maintenance and cost issues prevent use of a four-component system, the use of a domeless radiometer might be considered despite some accuracy degradation. The exact type and model of radiometer to be used in a field program should be considered carefully based upon the logistical and accuracy requirements imposed by the study.
Last, we want to stress that the results of comparisons given in Table 2 are unique to this study and likely vary according to location, season, and climate. While we expect similar results using NR-Lites from subsequent studies, we recommend that each instrument be calibrated individually with respect to a more accurate net radiometer.
